INTRODUCTION
Due to their critically endangered status, North Atlantic right whales Eubalaena glacialis (hereafter referred to as 'right whales') are arguably one of the most intensively studied large whale species (Kraus & Rolland 2007) . However, most studies have focused on habitat areas clearly identified as feeding or calving grounds, including Cape Cod and Massachusetts Bays (March−May), the Great South Channel in the whales were documented in the southeast calving grounds (Browning et al. 2010) , with the majority of these whales (101 of 112) observed to have calved at least once. Where the remaining portion of the population (i.e. non-pregnant females, juveniles, and adult males) overwintered and mated was unknown (Kraus et al. 1986 , Kraus & Rolland 2007 although Gaskin (1991) hypothesized that a portion of the population did not migrate in winter and instead resided in cold offshore waters where secondary plankton production would still be high.
This hypothesis was recently confirmed when large aggregations of right whales were observed during winter months in the central Gulf of Maine (Khan et al. 2010 , Cole et al. 2013 . Aerial surveys in the central Gulf of Maine photographed 212 individual right whales between 2002 and 2008 (Cole et al. 2013 ). This represents roughly half the population, based on minimum population estimates (Waring et al. 2010) . Of these, 102 individuals were identified as males, including 26 known fathers, and 43 females, including 12 that gave birth the winter after their visit to the central Gulf of Maine (Cole et al. 2013 ); thus, Cole et al. (2013) suggest that the central Gulf of Maine may be a mating ground for the species. However, while aerial surveys provide extremely useful census and some behavioral information, they are limited by bad weather, darkness, high cost, as well as the difficulty in detecting whales during times of low density (Clark et al. 2010) . Therefore, although whales have been consistently sighted during the winter in this area, little is known about their longterm presence and behavioral usage of this habitat.
Passive acoustic monitoring (PAM) does not share the same limitations as aerial survey methods and can provide longitudinal data from acoustically active species that can facilitate researchers in analyzing seasonality, call rate, and call type (e.g. Morano et al. 2012 , Mussoline et al. 2012 , leading to an expanded understanding of distribution, behavior and habitat preferences of the right whales. Moscrop et al. (2004) called for an extension of PAM from areas of known importance to lesser-studied areas where right whales may gather or pass through. Thus, in this study, we used PAM to supplement aerial survey findings in the central Gulf of Maine.
Most of the information that is currently known about right whale acoustic behavior has been obtained from studies in habitats of known importance such as Cape Cod Bay and the Bay of Fundy, with special focus on surface active groups (SAGs) (Matthews et al. 2001 , Parks & Tyack 2005 , Clark et al. 2007 , Parks et al. 2011 . A SAG, defined as 2 or more animals interacting at the surface in frequent physical contact (Kraus & Hatch 2001) , is a general term that encompasses several types of social groupings involving different behavioral interactions and acoustic outputs (Parks & Tyack 2005) . Occasionally but not consistently, SAGs have been observed as a prelude to copulatory activity (Kraus & Hatch 2001 , Parks et al. 2007 . SAGs have been observed in all areas where right whales have been studied, although they occur less frequently in the southeast (Kraus & Hatch 2001 , Parks et al. 2007 .
Two main call types have been used to identify right whales in PAM-derived data: the up-call and the gunshot sound (Clark 1983 , Parks & Tyack 2005 . The call most commonly used to identify the presence of right whales is the up-call (Clark et al. 2007 ). It is a stereotyped tonal sound in the 50 to 500 Hz range produced by all age and sex classes, and is believed to be a contact call (Clark 1982 , Parks & Clark 2007 ). The gunshot is a broadband and high intensity (>185 dB re 1μPa peak-to-peak) (Parks & Tyack 2005 , Parks et al. 2012 call, which in the North Atlantic has mainly been observed in adult males and is hypo thesized to be associated with social/mating or antagonistic behavior (Parks et al. 2005 (Parks et al. , 2011 (Parks et al. , 2012 . Males produce these calls during social behavior (i.e. in SAGs) and in solitary bouts, which can last for several hours (Parks et al. 2005 (Parks et al. , 2012 . Therefore, detection of gunshot sounds may suggest (but not exclusively) that socially directed behaviors such as male displays or SAGs are occurring.
In this study, 11 mo of near continuous marine acoustic recordings were made in the Outer Fall area of the central Gulf of Maine, a region located centrally with respect to recent winter aerial survey sightings of right whales. These data were used to assess seasonal and diel up-call and gunshot patterns.
MATERIALS AND METHODS
Three archival Marine Acoustic Recording Units (MARUs; Calupca et al. 2000) were deployed consecutively in the area where the most numerous and consistent aerial sightings of right whales have been reported by NOAA Northeast Fisheries Science Center for the central Gulf of Maine region (Khan et al. 2010) (Fig. 1 
Data processing and analysis
We analyzed the data primarily using the eXtensible BioAcoustic Tool (XBAT), a MATLAB (Mathworks 1997) supported open source software for sound analysis and management of large-scale acoustic data sets developed by the Cornell Bio acoustics Research Program (Figueroa 2008) . Spectrograms were viewed with a Hanning window, 512 point Fast Fourier Transform (FFT), and 25% overlap.
We parsed our data by month. October 2009 only contained 2 d of data, so both days were analyzed. Due to the size of the dataset, data for all other months were sub-sampled, analyzing every third day of data. An automatic detector for right whale upcalls was run on all subsampled days; however, its performance was determined to be inadequate with our data (mean false positive rate: 72.38%; SD = 32.57). As a result, the same data were manually analyzed for gunshots and up-calls. This allowed analysts to review the up-call detections made by the detector and correct for false positives and negatives. All days from October 2009 through March 2010, as well as 14 September 2010 through October 2010 were processed by the same analyst. A team of 13 analysts assisted with data from April 2010 through September 2010. All logs created by these analysts were then validated by the original analyst.
There are currently no clear criteria for distinguishing right whale up-calls from similar calls made by humpback whales Megaptera novaeangliae (Mussoline et al. 2012) . Humpback whale song was detected almost every day from November through December 2009, which is consistent with other findings from high latitude areas in winter (Vu et al. 2012) . As a precautionary strategy, whenever an up-call was (Payne and McVay 1971 , Mellinger et al. 2007 , Mussoline et al. 2012 , while right whale calls occur in bouts with longer and less regular inter-call intervals than humpbacks (Matthews et al. 2001 , Mussoline et al. 2012 . Through aural and visual analysis, we were able to confidently determine when humpback vo ca lizations were present in the recordings and thus exclude them from call analyses. This ap proach was similar to the method described in Mussoline et al. (2012) . The total number of calls per day and per month were determined for both call types for all days analyzed. The mean daily number of calls was calculated for each month. In order to examine diel patterns, the total number of both call types per hour for each day was calculated and then averaged by number of calls per hour by month.
October 2009 and June 2010 were removed from the dataset for statistical analysis so that only complete months were represented (however these data are included otherwise to indicate whale presence/ absence). Both daily and hourly call rates were log-transformed to ensure normal distribution for statistical analysis. Post hoc analyses used the Bonferroni correction to preserve Type I error. In total, analysis was performed on 114 d of data between October 2009 and October 2010.
RESULTS

Call seasonality
Pooling all months of recordings, up-calls were the most numerous call type detected (n = 31 115). Gunshots were not observed as frequently as up-calls but were still numerous (n = 18 639). It bears repeating that this magnitude of call observation is de - Fig. 2a ). Other potential right whale call types were observed and are described in Bort (2011) . When the mean daily call rate was calculated for each month, up-calls were highest from October 2009 through January 2010 (Fig. 2b) , with the highest mean daily call rate occurring in November (F 9, 63 = 9.77, p ≤ 0.001). This was followed by a decrease in mean daily call rate from February through April. Very few up-calls were detected in July. Mean daily call rate began to increase again in August through September. Post hoc analyses confirmed that April, February, March, and July had significantly fewer calls than November, December, and January.
Mean daily call rate for gunshots was high from October 2009 through December 2009. The mean daily call rate for gunshots in January and February was comparatively much lower than in previous winter months (F 7, 44 = 5.37, p ≤ 0.0001), again confirmed through post hoc comparisons. No gunshots were detected from March through May, and production rate was very low (n = 13) in July. Mean gunshot rate then increased steadily from late August through the end of October 2010.
Diel patterns
There was a bimodal pattern to up-calls, with peaks in mean hourly call rate per hour from 04:00 to 08:00 h and 13:00 to 22:00 h, and fewer from 09:00 to 12:00 h and 23:00 to 03:00 h (Fig. 3) . The mean call rate for gunshots showed a small peak from 24:00 through 03:00 h, and then dropped off followed by a strong peak at 16:00 through 19:00 h, remaining high until 22:00 h (Fig. 4) .
Hourly call rate was significantly different between hours of the day for both up-calls (F 23, 852 = 1.97 p = 0.0044) and gunshots (F 23, 534 = 5.6 p = 0.0001). There was no statistical interaction between month and hour on mean hourly rate of up-calls or gunshots. Post hoc criterion indicated that hours later in the day (high call rate) were significantly different from midday hours (low call rates).
DISCUSSION
Call seasonality
Right whale call rates were highest in fall and winter months. Although the dataset was subsampled every 3 d, right whale calls were present for every day analyzed between 30 October 2009 through 8 February 2010, and again from 27 August 2010 through 29 October 2010. Up-call detections were high despite a conservative bias due to the removal of likely right whale calls that occurred around humpback whale calls or song. Up-calls were most frequently observed in November, remaining high in December and January then decreasing into April. Right whales were not detected in May, but were detected again in July, and the number of calls increased subsequently. Since whales were detected on every day analyzed within a nearly 4 mo dataset, it is possible that a considerable number of whales were congregating specifically in this area, although it should be noted that repeat detection of the same individual(s) is possible and likely occurred for bouts of calls of similar amplitudes within each day, and possibly across days. However, visual data (Khan et al. 2010 , 2011 , Cole et al. 2013 ) from the same years and time period confirm substantial numbers of sightings within and outside of the recording area. Aerial surveys photographed 129 unique individual right whales out of 152 animals photographed in the Jordan Basin/Outer Fall area from November 2009 through February 2010 (NOAA Northeast Fisheries Science Center unpubl. data). When aerial and visual data are considered together, the high detection rate of right whale presence indicates that this region is an important habitat that is persistently used.
The highly seasonal nature of gunshot sound detections within this study supports the hypothesis that this call peaks seasonally (Parks et al. 2005 , 2012 , Van Parijs et al. 2009 ). In the North Atlantic, mature male right whales have been observed producing gunshot sounds during SAGs and in solitary bouts (Parks et al. 2012) . These solitary bouts averaged 1.5 h but sometimes exceeded 7 h in duration (Parks et al. 2012) , and have been compared to secondary sexual displays observed in other species (Parks et al. 2005 (Parks et al. , 2012 . Bouts of gunshots that appeared to be consistent with Parks et al. (2012) due to their temporal patterning and similarity in amplitude were observed but not specifically analyzed. However, the rate of gunshots during winter months in the Outer Fall supports the hypothesis that male advertisement and/or mating behavior may be taking place in this region at that time.
The findings of this study are particularly useful within the context of other acoustic studies performed in neighboring regions. Considered together, these studies begin to form a picture of right whale movement within the Gulf of Maine during the winter. Recent acoustic studies suggest that whales spend time feeding in the Great South Channel and southern Gulf of Maine with peak use in April, then move to the Bay of Fundy, Roseway Basin and other Canadian waters to feed in late summer and fall (Mellinger et al. 2007 , Clark et al. 2010 , Mussoline et al. 2012 , Morano et al. 2012 . While some adults mi grate south to calving grounds in Florida and Georgia (Kraus 1990 , Brown et al. 2001 ), a number of whales, most likely non-pregnant females and adult males, begin in September to move from the Bay of Fundy to the Outer Fall, where they remain throughout the winter, sometimes sprea ding out into adjacent habitats such as Jeffreys Ledge, or Cashes Ledge (Khan et al. 2011 ). The winter habitat may encompass all surrounding habitats, centered around the Outer Fall region.
For example, a study of up-calls from 2 locations on the Scotian Shelf was conducted from July 2004 through August 2005 (Mellinger et al. 2007 ). This study recorded its highest up-call daily rates from August through October, with sporadic calls recorded in November and December. No calls were recorded in January. These data suggest that at least some whales are present through fall and into early winter, reflecting an overall southward trend in habitat use as winter progresses.
A similar study was conducted on Jeffreys Ledge over a 7 mo period from November 2004 through May 2005, and at Stellwagen Bank Nat ional Marine Sanctuary (hereafter re fer red to as Stellwagen Bank) from January 2006 through February 2007 (Mussoline et al. 2012 ). Up-calls were highest in Stellwagen Bank in January through March with a peak in April, then decreased in May with no or few calls detected in July through December. Upcalls at Jeffreys Ledge peaked in November, remaining high through March, with calls decreasing through May. The seasonal pattern of calls detected in the current study in the Outer Fall region is similar to that at Jeffreys Ledge. However, more up-calls were detected at Outer Fall The hour of the day is shown on the outer circle and the number of calls per hour is shown on the spokes. The outer 2 lines in (a) show the darkness (black) and twilight (grey) times for the summer (S) and winter (W) solstices using data obtained from the US Naval Obser vatory Astronomical Applications website (http://aa.usno. navy.mil). The most prominent months are Oct 09 in green, Nov 09 in light blue, Dec 09 in red, Jan 10 in black, Sep 10 in beige, and Oct 10 in dark blue. Aug 10 has a small peak in calling visible at 01:00 h in turquoise (n = 31 115) using a single MARU from 13 mo of subsampled data than on Jeffreys Ledge (n = 26 988) using 4 buoys (and therefore a more extensive range) from a fully analyzed 7 mo deployment, indicating more whales at the Outer Fall location. A third study, using 3 yr of PAM from Massachusetts Bay found that right whale calls were most abundant from February through May (Morano et al. 2012) , further suggesting that whales move from the central Gulf of Maine to Massachusetts Bay as winter progresses.
The findings for the Outer Fall region correspond well with the findings from Stellwagen Bank and Massachusetts Bay when viewed as adjacent habitats that whales may utilize for different reasons depending on the time of year. Call rates between these habitats seem to mirror known right whale distri butions, provided these studies are de tecting multiple animals. However, it should be noted that our current knowledge of winter acoustic be havior of right whales in the Gulf of Maine comes from a variety of studies conducted be tween 2 and 4 yr apart, and it is possible that shifts in right whale distribution among the areas studied have oc curred. We do not have a good understanding of the factors that influence right whale distribution, which may be driven inter alia by interannual changes in oceanographic conditions, prey abundance, and prey distribution.
Diel patterns
The results from Jeffreys Ledge and Stellwagen Bank (Mussoline et al. 2012) closely resemble those from Outer Fall. However, the results from the present study differ slightly from diel patterns for Massachusetts Bay. In months with low vocal activity (June through January), Mora no et al. (2012) reported no strong diel pattern for up-calls. However, in the Outer Fall there was a strong bimodal distribution in upcalls, and a very strong peak in gunshots between 16:00 and 22:00 h. This clear pattern supports the idea that the central Gulf of Maine may have a more specific behavioral function during these months than Massachusetts Bay, causing the whales to call at more regular time periods. Massachusetts Bay likely serves as a migration corridor in winter between Cape Cod Bay and central Gulf of Maine habitats such as the Outer Fall. Right whale vocalizations appear to increase during times when foraging efficiency is low (Parks et al. 2012) , likely due to the vertical migration of copepods in the late afternoon hours (Baumgartner & Mate 2003) . A similar bimodal diel distribution for gunshots was reported in the Bay of Fundy during July and August (Parks et al. 2012) , and Roseway Basin during August through November (Matthews et al. 2014) . The bimodal distribution of calling in Outer Fall and other high latitude habitats suggests that whales that remain in these areas during winter months likely engage in foraging in addition to reproductive behavior.
Insight from aerial surveys
Aerial survey data support the idea that the distribution of right whales in these late fall and early winter habitats is tied to mating. Aerial survey data from the central Gulf of Maine were collected from November through January from 2002 to 2008 (Cole et al. 2013) . Generalized linear models showed that significantly higher proportions of conceptive females (females giving birth the following year) and known fathers were present in the central Gulf of Maine compared to other seasonally important habitats during the months of November through January (Cole et al. 2013) . This is consistent with acoustic data for this region.
Aerial surveys observed 11 SAGs in the central Gulf of Maine from November 2009 through February 2010 (NOAA Northeast Fisheries Science Center unpubl. data). While 47% of observed SAGs involve an adult female and male where copulation could occur (Parks et al. 2007 ), the timing of most observed SAGs (spring, summer, and fall) does not correlate with current data on the estimated gestation periods, births, and birth intervals of right whales (Kraus & Hatch 2001 , Parks & Tyack 2005 , Parks et al. 2007 ). Thus, SAGs are thought to serve a variety of purposes beyond conception (Parks et al. 2007) . Calves are born between December and February, after an estimated 12 to 13 mo gestation period (Kraus & Hatch 2001 ); therefore, conception should take place in the same months a year earlier, assuming no delayed implantation. This is a reasonable estimate, given that the gestation time for the closely related southern right whale Eubalaena australis is between 11.7 and 13.0 mo (Best 1994) . The rate of SAGs in southern right whales increases during what is believed to be the mating period (Best et al. 2003) , so it has been hypothesized that SAGs should continue into December in the northern population (Parks et al. 2007 ). Thus, it is likely that SAGs taking place in winter months lead to conception in some female right whales (Cole et al. 2013 ). This hypothesis is supported by the acoustic data presented here, including gunshots -a call produced primarily by male whales most likely for the purpose of social or reproductive display.
CONCLUSIONS
This study utilized MARUs to detect the presence of right whales in a newly discovered winter habitat that may also serve as a mating ground. Acoustic data were analyzed to determine seasonal and diel patterns for 2 known right whale calls -the up-call and the gunshot sound. The rates of both signals varied throughout the year, with the majority of calling taking place during the fall and winter months. There was a clear bimodal pattern in the diel distribution of up-calls, and a clear peak in diel distribution of gunshots.
The data presented here complement results from studies conducted in surrounding habitats that, when combined, create a more complete understanding of right whale winter distribution. While this study cannot definitively assign the Outer Fall region of the Gulf of Maine as a mating ground, our data show that the central Gulf of Maine/Outer Fall is a seasonally important habitat for right whales, with potentially high levels of male display/mating behavior. This habitat should be incorporated into future management strategies for this species. 
